Hydrophobic hydration driven self-assembly of curcumin in water: Similarities to nucleation and growth under large metastability, and an analysis of water dynamics at heterogeneous surfaces Dielectric spectra broadening as a signature for dipole-matrix interaction. IV. Water in amino acids solutions
Water conformation around hydrophobic side chains of four amino acids (glycine, L-alanine, Laminobutyric acid, and L-norvaline) was investigated via changes in complex dielectric constant in the terahertz (THz) region. Each of these amino acids has the same hydrophilic backbone, with successive additions of hydrophobic straight methylene groups (-CH 2 -) to the side chain. Changes in the degree of hydration (number of dynamically retarded water molecules relative to bulk water) and the structural conformation of the water hydrogen bond (HB) network related to the number of methylene groups were quantitatively measured. Since dielectric responses in the THz region represent water relaxations and water HB vibrations at a sub-picosecond and picosecond timescale, these measurements characterized the water relaxations and HB vibrations perturbed by the methylene apolar groups. We found each successive straight -CH 2 -group on the side chain restrained approximately two hydrophobic hydration water molecules. Additionally, the number of non-hydrogenbonded (NHB) water molecules increased slightly around these hydrophobic side chains. The latter result seems to contradict the iceberg model proposed by Frank and Evans, where water molecules are said to be more ordered around apolar surfaces. Furthermore, we compared the water-hydrophilic interactions of the hydrophilic amino acid backbone with those with the water-hydrophobic interactions around the side chains. As the hydrophobicity of the side chain increased, the ordering of the surrounding water HB network was altered from that surrounding the hydrophilic amino acid backbone, thereby diminishing the fraction of NHB water and ordering the surrounding tetrahedral water HB network. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903544]
I. INTRODUCTION
Interactions of water with hydrophobic groups play an essential role in orchestrating molecular-scale phenomena in living systems, such as protein conformation, 1 lipid selfassembly, 2 and binding in the ligand. 3 Thermodynamical studies have shown that when a hydrophobic solute is dissolved in water, the hydrogen bonds (HBs) of the water molecules in the first coordination layer surrounding a hydrophobic solute are disrupted thereby creating a void. In order to minimize any enthalpic penalty associated with the breaking of these HBs, water molecules are forced to reorient in a more favorable direction to avoid breaking HBs. [4] [5] [6] [7] From a thermodynamic point of view, this ends up in significantly decreasing the entropy ( S) of the surrounding HB network and also slightly decreasing the enthalpy ( H). 5, 6 Furthermore, water interactions surrounding the hydrophobic group also induce an increase in the heat capacity (C p ). This increase in C p , and the large negative change in S, is associated with a so-called "hydrophobic hydration" phenomena, where the HBs are strengthened and tetrahedral structure of the surrounding water undergoes "ordering" around the hydrophobic solute. 7 To characterize the thermodynamics of hydrophobic hydration, Frank and Evans proposed an "iceberg" model, where a) Author to whom correspondence should be addressed. Electronic mail:
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the water takes on a frozen or immobilized patch like structure, almost a microscopic ice-like formation, around the hydrophobic groups. 8 While, Head-Gordon et al. described the hydrophobic hydration water as forming planar pentagon rings that extend for two layers, 9 similar to natural gas clathrates, rather than hexagonal rings of ice. 10 These explanations of the static structure of water surrounding hydrophobic groups, which have been criticized, 11 do not, however, provide information regarding the dynamical aspects of the water -hydrophobic group interactions. Although the iceberg model is appealing in terms of a static structure, in the dynamical aspects this model has been questioned, with few experimental or computational results to support the model. 12 Other more recent experimental results suggest a dynamically "moderate" view of the iceberg model: [13] [14] [15] water around the apolar groups is actually ordered with slow reorientational dynamics, but the degree of rotational slowdown at ambient conditions is at most a factor of 2 compared to that of bulk water (not as pronounced as "ice"). The reorientational slowdown can be ascribed to a solute excluded volume effect, in which some of the water molecules are hindered from finding new HB partners around the hydrophobic solute, moderately retarding the HB exchange rate. 14 On the other hand, experimental studies, such as NMR, 13 time-resolved IR spectroscopy, 15, 16 X-ray/neutron diffraction 17, 18 and dielectric spectroscopy in the GHz region 19, 20 and MD simulations, [21] [22] [23] have been used to investigate the dynamical and structural properties of water surrounding hydrophobic groups. X-ray/neutron diffraction and MD simulations have been mainly used to explore the "static" structure of water around apolar solutes via a radial distribution function (RDF). Whereas, NMR and dielectric spectroscopy directly reflect the rotational dynamics of the hydrated water surrounding the hydrophobic groups, and can be used to quantitatively determine the hydration number and the retardation factor with respect to bulk water. In addition, time-resolved IR spectroscopy has been used to infer the reorientational dynamics of water from the anisotropy decay of the intramolecular OH stretching vibration. Thus, these studies focus on the retardation dynamics of hydrophobic hydration and the elongated lifetime of the HB. However, to achieve a more wholistic picture, such details need to be explained within the context of what is happening in the surrounding HB network of water, since most of the unique physical properties of water originate from their HB structures and dynamics. 24, 25 While the dynamical structures of HBs have been estimated, no consensus of what is happening to the HBs around the hydrophobic solute has been achieved. This is in part due to the fact that no "direct" probe of water HB dynamics has been available to date. Such a situation can be attributed to the pico-to sub-picosecond lifetimes of HBs, 26 which are too short for the NMR and dielectric spectroscopy time window. It is certain that time-resolved IR spectroscopy can record time-dependent change at the picoto sub-picosecond timescales, but estimating intermolecular HB dynamics of water from intramolecular OH stretching vibration would be still "indirect" since the resonance lifetime of OH stretching (∼10 fs) is much shorter than the HB lifetime. Fortunately, recent advances in terahertz (THz) spectroscopy may allow us to directly observe these HB dynamics, since the oscillation period of the THz waves is on a picosecond and sub-picosecond timescale. [27] [28] [29] This means that dielectric responses in the THz region are selectively sensitive to the HB dynamics of water, such as the reorientations of bulk water and HB stretching, with negligible interference from apolar solutes and hydrated water relaxation (typically in the low GHz region) and intramolecular dipole fluctuations (at higher frequencies). These unique aspects of THz spectroscopy have recently been used to quantitatively measure hydration state, 30 the existence of non-hydrogen-bonded (NHB) water 28 and the tetrahedral ordering of the water HB network. 29 However, attempts to discuss water-hydrophobic group interactions in aqueous solutions have yet to be examined systematically using THz spectroscopy.
In this study, THz spectroscopy over a broad frequency range was used to determine the complex dielectric constant (ε = Re[ε] − iIm[ε]) of amino acid solutions with increasing the number of methylene (-CH 2 -) groups in the side chain. Amino acid solutions provide a convenient platform to explore hydrophobicity, since they all contain the same hydrophilic backbone, while the hydrophobicity of the side chain can be successively increased. In our experiments water-hydrophobic group interactions were examined in terms of (a) hydration number, (b) the population of soluteinduced NHB water, and (c) the tetrahedral water ordering engaged in the HB network.
II. METHOD

A. Sample preparation
Powder samples of glycine (Gly), L-alanine (Ala), Laminobutyric acid (Aba), and L-norvaline (n-Val) were purchased from Wako Pure Chemical Ind., Ltd. and dissolved into distilled water to prepare 50 mg/ml solutions without further purification. The neutral molecular structures of these amino acids are depicted in Figure 1 . However, the -COOH group is deprotonated and the -NH 2 group is protonated, thus yielding a zwitterion state with anionic and cationic groups: -COO − and -NH 3 + in aqueous solution. In such a zwitterion state under the isoelectric point (around pH = 6 for all the investigated amino acids), amino acids behave in their native roles that are relevant to biological functions.
B. Complex dielectric constant measurements
Terahertz time-domain attenuated total reflection spectroscopy
In order to detect tiny changes induced by waterhydrophobic group interactions in the amino acid solutions, complex dielectric constants between 0.2 and 3.0 THz were measured by a THz time-domain attenuated total reflection (THz TD-ATR) spectrometer, TAS7500 (Advantest Co., Ltd.), where the incident angle is 57 • and silicon is used as an ATR prism. A temperature controller was attached to the ATR prism to keep sample temperature at 300 ± 0.1 K. In this time-domain measurement scheme, a temporal THz waveform is recorded with and without a sample. The temporal THz waveform with the sample undergoes both an amplitude decrease and time delay compared to that without the sample. By Fourier transforming the time-domain THz waveform into the frequency-domain spectrum, we can simultaneously obtain both the reflectance R(ω) and phase shift spectrum ϕ(ω). Therefore, from these two parameters the real part Re[ε(ω)] and imaginary part Im[ε(ω)] of the complex dielectric constants can be calculated directly. The detailed calculation procedures to determine the complex dielectric constants are explained in Refs. 31 and 32. 
Far-infrared Fourier transform attenuated total reflection spectroscopy
In the higher frequency region up to 12 THz, we measured the reflectance spectrum R(ω) by far-infrared Fourier transform attenuated total reflection (FIR FT-ATR) spectroscopy. Unlike time-domain spectroscopy, FT spectroscopy directly records the frequency-domain spectrum and thus only the reflectance R(ω) is measured. To determine the complex dielectric constants, the Kramers-Kronig relation, along with the procedure proposed by Bertie and Lan, 33 was used to theoretically calculate the phase shift spectrum ϕ(ω),
where ω u is the upper integration limit and ϕ ∞ represents the phase shift at ω = ω u . Equation (1) is identical for both s-and p-polarizations. Though the first term in Eq. (1) is calculated by the experimental result, R(ω), the second term (ϕ ∞ ) cannot be directly determined from our measurement. 34 To overcome this problem, we set ϕ ∞ as the value that best fits the THz TD-ATR measurement result between 2.8 and 3.2 THz, so as to smoothly connect the THz TD-ATR and FIR FT-ATR results.
In our FIR FT-ATR measurements, a FARIS-1s spectrometer (Jasco Co.), in which the incident angle is 45 • and silicon ATR prism with a temperature controller was used. A ceramic heater and pyroelectric element (deuterated triglycine sulfate: DTGS) were chosen as a light source and detector, respectively. Since the ceramic heater radiates unpolarized electromagnetic waves, experimentally measured reflectance R(ω) is composed of both s-and p-polarization components. When the incident light undergoes only one reflection at the incident angle of 45 • , we obtain
where subscription s and p represents s-and p-polarization, respectively. 33 Hence, we can calculate the R s (ω) from the unpolarized reflectance spectrum R(ω). After deriving ϕ s (ω) by Eq. (1), the Fresnel's reflection coefficient for s-polarizatioñ r s (ω) is associated with the complex dielectric constant of the sample,ε 2 (ω) by the following equation:
where ε 1 (ω) and θ is the dielectric constant of the ATR prism and the incident angle, respectively.
Standard errors of measurements
Since the TAS7500 exhibits better signal-to-noise ratios at lower frequencies, the standard errors in the real and imaginary part of the complex dielectric constant (ε SE ) below 1 THz were less than 0.020 and 0.025 (corresponding to ∼0.3% and ∼0.4%), respectively. Even in the higher frequency region between 1 and 3 THz, where the signal-to-noise ratio is not as good as in the low frequency region, the standard errors were no more than 0.090 (corresponding to 2.5%) in the real part and 0.045 (3.0%) in the imaginary part.
The FARIS-1s spectrometer has a relatively consistent accuracy over the investigated frequency region (3-12 THz), exhibiting standard errors of reflectance R(ω) smaller than 0.4%. After the Kramers-Kronig transform,ε SE in the real and imaginary part was: 0.035 and 0.045 (corresponding to 1.4% and 2.5%) at 5 THz and 0.040 and 0.015 (1.8% and 1.5%) at 10 THz, respectively.
The values listed above hold for both distilled water and the amino acid solutions, indicating the measured complex dielectric constants are accurate enough for further analysis.
III. RESULTS AND DISCUSSIONS
A. Data analysis
The measured complex dielectric constants from 0.2 to 12 THz of the distilled water and 50 mg/ml glycine solution (as a representative of the four examined amino acids) were plotted in Fig. 2 . Although there were slight deviations between the distilled water and glycine solution, the frequency dispersion of the glycine solution was quite similar to that of the distilled water. These observations reconfirm that the dielectric responses in the THz region are particularly sensitive to water. Furthermore, no specific absorption bands of glycine crystal 35 were observed. This is because the glycineglycine intermolecular vibration modes will be disappeared in the aqueous solution where the glycine solutes are dispersed and surrounded by water molecules. Similar tendencies were also observed for the other three amino acid solutions (data not shown). In the insets in Fig. 2 , the complex dielectric constant at 0.5 THz was shown to confirm the representative trend over this frequency range. Both real and imaginary parts were statistically distinguished among the amino acid solutions, indicating each amino acid interact with water in a different manner or in a different magnitude.
Since the frequency region between 0.2 and 12 THz corresponds to the 0.01-0.8 ps time window, the complex dielectric constants in this region correspond to dipolar fluctuations (such as reorientation and vibrations) at these timescales. Recent dielectric spectroscopy in the GHz region has revealed that three reorientation dynamics contribute to the complex dielectric constant of amino acid solutions between 0.1 and 89 GHz: 36, 37 the reorientation of hydrated amino acids, hydrogen-bonded bulk water (HB bulk water), and nonhydrogen-bonded bulk water (NHB bulk water). Of these three reorientation dynamics, only the latter two are responsive above 0.2 THz, meaning the reorientational motions of hydrated amino acids will not be detected in the measurement window of this study. [35] [36] [37] Additionally, it should be noted that the HB bulk water and NHB bulk water can be distinguished by their dielectric responses, since the NHB water reorients faster than the HB water by an order of magnitude. 28 These water reorientation dynamics are described as Debye-type relaxation modes. Moreover, at higher frequencies two damped Lorentzian-type vibration modes are found around 5 and 15 THz for distilled water. 28, 29 These vibrations are assigned to an intermolecular stretching mode and intermolecular libration mode of water, respectively. As such, they directly reflect the HB dynamics of water and thus are sensitive to the dynamical structure of the HB network and the HB strength. 12, 38 These intermolecular stretch and libration modes undergo a slight peak shift and/or broadening, which comes from the modulation of the HB ordering and/or strength.
Thereby, the complex dielectric constants from 0.2 to 12 THz are selectively associated with reorientational and vibrational dynamics of the water HB network, since the direct influence of amino acid solutes can be neglected. Consequently, complex dielectric constantsε (ω) between 0.2 and 12 THz are a superposition of theoretical complex susceptibilitiesχ (ω); the slow relaxationχ slow (ω) (reorientation of HB bulk water), fast relaxationχ fast (ω) (reorientation of NHB bulk water), intermolecular stretching vibrationχ S (ω), intermolecular librationχ L (ω), and higher frequency limit ε ∞ . As pointed out by Yada et al., 28 two Lorentzian-type vibration modes are imperative to accurately describe the dielectric responses in the THz region, avoiding the uncertainty of the Debye relaxation components. 28 Then, the experimental resultε (ω) can be fitted to the following equation:
where ε slow(fast) is the relaxation strength, τ slow(fast) is the relaxation time, V S(L) is the vibration strength, ω S(L) is the resonant frequency, and γ S(L) is the damping constant. In the present analysis, the experimentally determinedε (ω), including the experimental standard errors, were decomposed into these theoretical susceptibilities by a least square method until the chi-square value of the Levenberg-Marquardt algorithm 39 satisfies <10 −9 . For a successful fit, the relaxation time of the slow relaxation mode at 300 K was fixed at τ slow = 7.93 ps, according to the critical slowing formula of water. 40 This formula was originally applied to pure water, but is assumed to be valid for the amino acid solutions since it has been confirmed that τ slow is unchanged even in the presence of solute molecules. 36, 41 The fitted parameters as well as the standard deviations of the distilled water ( ε slow = 72.06 ± 0.39, ε fast = 2.02 ± 0.04, τ fast = 271 ± 24 fs, V S = 1.24 ± 0.04, ω S = 5.22 ± 0.05 THz/2π , γ S = 5.31 ± 0.09 THz/2π , V L = 0.49 ± 0.12, ω L = 13.91 ± 0.26 THz/2π , and γ L = 7.70 ± 0.28 THz/2π ) are in good accordance with previous studies by Yada et al. (at 293 and 296 K). 28, 29 Here, it should be noted that these standard deviations are not solely a result of the fitting procedure of the "average"ε (ω). Concretely, each experimental resultε (ω) was substituted into the left-hand side of Eq. (4) and the resulting spread in the fitting parameters were considered as the standard deviations of the fitting procedure.
The fitted versus the experimental results for the 50 mg/ml glycine solution are shown in Fig. 3 . The 4)) and the fitting (right hand side of Eq. (4)), were within ±0.1, validating the fitting function as represented in Eq. (4). Therefore, based on the best-fitted free parameters ( ε slow , ε fast , τ fast , V S , ω S , and γ S ) for each sample, detailed discussions are to be made in Secs. III B-III D. Additionally, the calculated imaginary susceptibilities of the distilled water and all the amino acid solutions obtained by the fitting procedure are compared in Fig. 4 , and the solute-dependent relaxation strengths ( ε slow and ε fast ) are shown in the insets. Whileχ fast (ω) exhibits a small but clear peak around 0.5 THz,χ slow (ω) was monotonously decreased above 0.2 THz since the THz region lies in the high frequency tail of the slow relaxation mode peaked around 0.02 THz. For the intermolecular stretching vibration mode of water,χ S (ω), a slight attenuation, peak shift, and broadening can be observed. This originates from modulations in the water HB network induced by the amino acid solutes. Note that the intermolecular libration mode of water,χ L (ω), will not be discussed in detail here since the absorption peak (∼15 THz) is outside the measured range.
B. Hydration states in amino acid solutions
We will first focus on the hydration number followed by the fraction of NHB bulk water released from the HB network (Sec. III C) via estimates of the slow and fast relaxation of bulk water molecules. Although the relaxation mode of hydrated water is outside the THz region, we can indirectly estimate the hydration state from the reduced volume fraction of bulk water. 30 The slow relaxation mode in the imaginary part exhibited a decrease for all the amino acids compared to distilled water (Fig. 4 ). Since ε slow is proportional to the number of HB bulk water molecules, these results indicate the volume fraction of HB bulk water was reduced in the amino acid solutions compared to that in distilled water. This reduction in ε slow can be explained by three factors: (1) A part of the volume of the HB bulk water is replaced by amino acid solutes (= water dilution), (2) HB bulk water that is captured by a solute molecule is dynamically retarded when it becomes hydrated water (= hydration effect), and (3) amino acids disturb the water HBs and thus release NHB bulk water from the HB network (= destructuring effect). In order to selectively understand the hydration effect removing the excess influence of water dilution and destructuring effect, we estimated the hydration number, where hydrated water is defined as the water molecules that are dynamically slowed down and not detectable in the THz region. In this case, the bulk water molar concentration in the solution (C bulk ) is calculated by 41
where ε s(w) represents the relaxation strength of solution (distilled water), ρ w is density of water, and M w is molecular weight of water. Then, the law of error-propagation was used to determine the errors in the bulk water concentration (C bulk ± δC bulk ) by substituting ε s slow ± δ ε s slow , ε s fast ± δ ε s fast , ε w slow ± δ ε w slow , and ε w fast ± δ ε w fast into ε s slow , ε s fast , ε w slow and ε w fast in Eq. (5), respectively, where δ ε is the standard deviation of the fitting procedure. Given C water and C denote the "stoichiometric" molar concentration of water and solute in the system, we can deduce the hydration number n hyd per a solute from Eq. (6), 41
By substituting C bulk in Eq. (6) into C bulk ± δC bulk , the errors in n hyd were determined. The "stoichiometric" water molar concentration (C water ) was determined from the density measurement of the amino acid solutions (see Table I ). For all the amino acid solutions, C water was smaller than that of distilled water (= 55.55 mol/l) due to a water dilution effect, and therefore, the hydration number was determined without obstruction of the factor (1) (= water dilution). Furthermore, since both C water and C bulk contain exactly same amount of NHB bulk water, C water − C bulk cancels out the influence of the factor (3) (= destructuring effect). The hydration number n hyd and molarity of hydrated water (C hyd = C water − C bulk ) are summarized in Table I . Additionally, the relationship between the amino acid SASA (solvent accessible surface area) 20 and n hyd are shown in Fig. 5 . Hydrophobicity of the amino acid side chain (π) is calculated by the equation: π = log P(amino acid) − log P(glycine), where P is the partition coefficient of the amino acid and of glycine in octanol/water. 43 Although a linear positive correlation was observed, it should be noted that both hydrophobic hydration and hydrophilic hydration are counted as hydration water (except for glycine, where hydrated water is entirely originated from hydrophilic nature of polar groups in the amino acid backbone; while the other three amino acids have additional hydrophobic side chains, -CH 2 -). Our estimate of n hyd (gly) = 1.9 represents the hydrophilic hydration capacity of the amino acid backbone. In zwitterions, the -NH 3 + and -COO − groups separate in space to create a pronounced molecular dipole moment; facilitating the coupling to polar solvents, such as water. 42 From a thermodynamical point of view, the -COO − group is a "structure-maker," while the -NH 3 + group acts as a "structure-breaker." [43] [44] [45] [46] [47] These observations, in combination with recent MD simulations where the -COO − group accommodates more HBs with the proximal water molecules than -NH 3 + , 48, 49 imply hydrophilic hydration is dominated by the strong hydration capacity of the -COO − group, with a relatively small contribution from the -NH 3 + group. Based on the RDF of glycine aqueous solution, Campro 49 calculated the to- tal number of HBs between glycine and water, 5.7, which is larger than our result n hyd (gly) = 1.9; suggesting large fraction of the water molecules (i.e., 5.7 − 1.9 = 3.8 molecules) forms relatively weak HBs with the glycine solute, and thus, their reorientational dynamics are hard to distinguish from those of bulk water.
If we assume the hydrophilic hydration number of the amino acid backbone is identical for all the amino acids, the number of hydrophobic hydration water trapped by the straight methylene side chains (-CH 2 -) can be calculated by subtraction of the hydration number of the different amino acids, shown as solid bold arrows in Fig. 5 . The inset in Fig. 5 shows the number of hydrophobic hydrated water and the hydrophobicity π of the amino acids as defined by Fauchère et al. 50 As the number of methylene side chains increases one by one, the hydrophobicity π becomes larger and larger, raising the number of hydrophobic hydration water by steps of 1.3-2.4. This number is similar to that obtained by the previous dielectric study, 1.9. 36 Assuming the van der Waals radius of carbon is 2.0 Å and of a water molecule is 1.4 Å, the average number of water molecules with access to the -CH 2surface was calculated to be 4. 20 Therefore two out of four water molecules in the first hydration shell of the methylene side chain are dynamically so retarded in the orientational direction that they are distinct from bulk water.
C. NHB water released from the HB network
In Fig. 4 ,χ fast (ω) of the glycine solution was found to be considerably larger than the other amino acids. This result stems from the significantly larger population of NHB water in the glycine solution. This supports the assumption that glycine solutes have a strong "destructuring" effect on the native HB network of water, releasing larger numbers of NHB water molecules from the HB network. To quantitatively determine the "destructuring" effect on the HB network, the mol concentration of the NHB bulk water C NHB was calculated by Eq. (7), Here, C HB and C NHB were related to the molar concentration of bulk water (C bulk ) by the equation, C bulk = C HB + C NHB . Note that C NHB considers both solute-induced NHB water and the native NHB water in the bulk water, which are located some distance from the solutes. Since the latter are not perturbed by the amino acid solutes, only the former will be directly associated with the "destructuring" effect of the amino acids. The number of NHB water molecules induced by a solute molecule (n NHB ) was determined by Eq. (8),
The first term on the right side is the total number of NHB water assigned per solute molecule and the second term denotes the native NHB water in the bulk phase. In this equation, it is assumed that the percentage of the NHB water in the bulk phase in the amino acid solution is equal to that in the distilled water. Then, the errors in n NHB were determined in the same procedure based on the law of error-propagation, just as those in n hyd . C NHB and n NHB are listed in Table I . The larger n NHB found for glycine solution (Fig. 6 ) is interpreted as glycine having a larger "destructuring" effect on the water HB network than that of the other three amino acids. Considering all the amino acids differ in the number of -CH 2 -groups they have, while maintaining exactly the same hydrophilic backbone, the change in n NHB is assumed to be associated with the interaction between water molecules and the methylene groups. Noticeably stronger "destructuring" effect of glycine among amino acids has been also reported in various thermodynamical studies evidenced by a substantially large entropy, 51, 52 and a negative enthalpic pair interaction coefficient. 53, 54 The main reason for this "destructuring" effect may be ascribed to be the -NH 3 + group in the amino acid backbone structure, which is known to be a structurebreaker, 55, 56 as mentioned above.
Interestingly, an addition of a single methylene group to the hydrophilic amino acid backbone (i.e., alanine compared with glycine) significantly reduced n NHB . From this result, it can be deduced that the "destructuring" effect of the hydrophilic backbone is significantly reduced by the first methy-lene group addition, which is consistent with TIP5P simulations performed by Godec et al., who found that highly disordered HB structural components are more common around polar than apolar groups. 21 This trend seems to agree with the "iceberg" model proposed by Frank and Evans, 8 where the HB network around a hydrophobic regime is more structurally ordered like ice; implying a decreased NHB water population around hydrophobic groups. However, our results showed that n NHB slightly but certainly increased with subsequent methylene group additions (Fig. 6 ), suggesting even hydrophobic groups have a weak "destructuring" effect. The rate of increase in n NHB according to an addition of a single -CH 2group was larger than that in the SASA of the hydrophobic region, indicating that the increment in the hydrophobic moiety is not enough to explain the increasing tendency in Fig. 6 . Thus, even hydrophobic groups, to some extent, have a "destructuring" effect on the native ordering of the water HB network, generating additional NHB water molecules. Therefore, our experimental result suggests a more nuanced version of the iceberg model: from the viewpoint of NHB water abundance, water molecules in the vicinity of the hydrophobic solute are actually more ordered than that around the hydrophilic region, but its ordering may not be as drastic as ice. Such an interpretation of the iceberg model is also evidenced by IR vibrational spectroscopy, 57 neutron scattering 17 and MD calculation, 58 which selectively probe the hydrocarbon/water interface.
D. Ordering of the tetrahedral HB network of water
In this section, we will focus on the tetrahedral HB network structure via measurements of the intermolecular stretching vibration mode of waterχ S (ω). Theoretical studies [59] [60] [61] and THz measurements 29 have shown that theχ S (ω) mode around 5 THz is assigned to O . . . O hindered translational motion in a "tetrahedral" HB environment. Since the tetrahedral HB network has a symmetric ordering, this vibration mode is originally Raman-active. 59 However, the intermolecular charge flux followed by the intermolecular stretching motion induces a dipolar movement, resulting in enhanced infrared-activity. Thus, a disordered tetrahedral HB network (i.e., distorted structure or large dynamical fluctuations in molecular positions) is likely to enhance the intermolecular stretching vibrationχ S (ω). 29 On the other hand, when water adopts an ordered and symmetric tetrahedral coordination with smaller dynamical fluctuations, theχ S (ω) band becomes weaker, leading to an attenuation in the vibration strength ( V S ). Fig. 7 shows the solute dependent vibration strength determined by the fitting procedure. For comparison, V S (water) × β, where β is the mol ratio of "HB bulk + hydrated water" of the specific amino acid solution was compared to that of distilled water. In this comparison V S (water) × β is an analytical value taking into account water replacement by the solute molecules (water dilution effect). The assumption is that all the water molecules in the aqueous solution exhibit exactly the same stretching dynamics as pure water. Therefore, if V S is statistically equal to analytical V S (water) × β, it can be assumed that intermolecular stretching in the amino acid solutions is quite similar to that in distilled water. On the other hand, in case V S > V S (water) × β, we can consider thatχ S (ω) mode is more activated in the solution due to solute-water interactions. As seen in Figure 7 , the glycine aqueous solution had a significantly larger V S (left bar) than V S (water) × β (right bar). This is a direct indication that the tetrahedral HB network is more dynamical in the presence of glycine solute molecules. In the case of the other three amino acids, there was no such significant enhancement in V S ; the values for V S and V S (water) × β overlapped within the range of error bars. This noticeable enhancement in V S for glycine solutions has been also found in other THz measurements, 62 and recently, Havenith and co-workers pointed out that the enhanced vibrational intensity was found only in glycine solutions, and not other amino acids such as alanine. 63 They combined THz spectroscopy with MD simulations, and used these to attribute the enhanced vibration mode around 5 THz to the strong stretching vibration between water and glycine (especially -NH 3 + group in glycine). 42 Taking into account that as V S becomes larger the tetrahedral water coordination becomes more dynamical, their experimental results can be interpreted as follows: the tetrahedral coordination of water molecules around the -NH 3 + group is dynamically disordered, leading to a larger vibration strength ( V S ). This interpretation is in line with the concept that -NH 3 + groups act as a "structure-breaker," as predicted by thermodynamical studies. 55, 56 While the addition of a methylene group -CH 2to glycine substantially lowered V S (Fig. 7) , implying the -CH 2 -group retards the dynamical fluctuations of the water HB network. Further additions of -CH 2 -groups (i.e., Ala → Aba → n-Val) did not exhibit further significant decreases.
The bar graphs in Fig. 8 illustrate the resonant frequency (ω S ) and damping constant (γ S ) of the best-fitted results from Eq. (4). The resonant frequencies of the amino acids were not significantly different from that of distilled water, ω S (water) = 5.22 THz. It is known that the resonant frequency of intermolecular stretching motion is correlated with average in- termolecular distance. 64 This is because the shorter average HB distance stiffens the HB strength, which increases the HB stretching frequency. 65 Indeed, as water-water average distances shorten, (i.e., when liquid water is cooled), the water structure approaches an ice-like environment, where ω S undergoes a blueshift. 66, 67 On the other hand, ω S was not significantly different among amino acid solutions we measured; irrespective of the number of the hydrophobic groups in the amino acid side chain. This result is inconsistent with the ice-like structure around the hydrophobic region as described by the "iceberg" model of Frank and Evans. 8 Thus, our results suggest the average HB distance in the first hydration shell (i.e., the hydrophilic solute-water distances and waterwater distances surrounding hydrophobic surface) do not differ much from the HB distance in bulk water. This result is supported by RDF of various hydrophilic groups obtained by MD simulations, which showed the distance between hydrophilic solute and hydrated water is similar to the HB distance in bulk water. 68, 69 Additionally, RDF studies around hydrophobic solutes also demonstrated that water-water distance in the hydrophobic hydration shell is also very close to that of bulk water at the same temperature. 17, 22 In contrast to the relatively consistent resonant frequency (ω S ), the damping constant γ S was the largest in glycine, gradually decreasing as hydrophobicity increased (Fig. 8) . Based on the water isotope effect on complex dielectric constants in the THz region, it has been experimentally shown that the damping constant γ S and the order of water tetrahedrality is negatively correlated with each other. 29 In other words, a smaller damping constant reflects a more highly ordered tetrahedral HB network with uniform HB distances and angles. Therefore, γ S provides a "static" picture of the tetrahedral ordering of water, such as the distribution of the HB distances and angles, while V S represents a "dynamical" aspect of water molecules in the HB network. From this standpoint, a significantly larger γ S for glycine implies hydrophilic-water interactions that have a marginally disturbed tetrahedral structure in the HB network, and widening HB distances and angles. This observation is in agreement with the "structure-breaking" effect of the -NH 3 + group with a more disordered native tetrahedral HB ordering around the glycine surface. White and Jiang also came to a similar conclusion using ab initio MD simulation; 70 a decrease in tetrahedral order parameters q for glycine solutions. While not significant, the gradual drop in γ S as further -CH 2 -groups were added to the glycine base ( Fig. 8 ) suggests hydrophobic methylene side chains do form an ordered and uniform tetrahedral HB network of water around them. Recent MD computational studies have shown that tetrahedrality is enhanced around hydrophobic groups, 22 because water molecules can form a more ordered arrangement than in the bulk water, avoiding the enthalpic penalty associated with a loss of waterwater HBs. However, to discuss whether hydrophobic hydration water is more tetrahedral than bulk water or not is beyond the present study, since the hydrophilic amino acid backbone prevents us from isolating the γ S of the hydrophobic hydration water.
IV. CONCLUSION
Changes in the dynamical structure of water molecules near hydrophobic groups were experimentally measured via changes in the broadband complex dielectric constants of aqueous amino acid solutions in the THz region. By examining changes in the above properties as straight methylene groups (-CH 2 -) were added to a hydrophilic amino acid backbone we were able to separate out water-hydrophobic and water-hydrophilic interactions. The derived theoretical susceptibilities represent slow relaxation of HB bulk water χ slow (ω), fast relaxation of NHB bulk waterχ fast (ω), intermolecular stretching of waterχ S (ω), and libration of water χ L (ω). ATR measurement scheme contributed to precise data acquisition with small measurement errors, assuring the accuracy of the spectrum decomposition procedure.
Since the dielectric responses in the THz region reflect the relaxation dynamics of bulk water and that of hydrated water is negligibly small, the hydration number was determined from the reduction in the amount of bulk water. As a result, while the amino acid backbone has 1.9 hydrophilic hydration water molecules, our experimental results showed that each straight methylene group (-CH 2 -) restrains approximately two hydrophobic hydration water molecules. Furthermore, the HB network of water around the hydrophobic region was experimentally examined in two ways: the population of the NHB water isolated from the HB network and the dynamical structure of water engaged in the tetrahedral HB network. The hydrophilic amino acid backbone was likely to "destructure" the HB network, producing more NHB water and distorting the tetrahedral HB arrangement, mainly due to the -NH 3 + group. On the other hand, we found that an addition of hydrophobic -CH 2 -side chain to the hydrophilic backbone pronouncedly orders the HB network with reducing the population of NHB water and forming less distorted tetrahedral HB network. Further addition of a single -CH 2side chain did not exhibit more structuring effect, or if anything, tended to increase the population of the NHB water.
To summarize, water molecules around the hydrophobic groups were more ordered than those around hydrophilic ones: more dynamically restrained and less conformationally distorted. However, the degree of the ordering was not as ex-treme as the iceberg model of Frank and Evans, 8 which explained the unusually large entropy loss upon dissolution of hydrophobic solutes. 5 Rather, our results are consistent with a more "moderate" view of the iceberg model, in line with various previous simulations 22, 23 and experiments. [13] [14] [15] 
